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During Dictyostelium development, amoebae differentiate into spores and stalk cells. Earlier studies showed that extracellu-
lar cAMP is essential for induction of prespore differentiation and that cAMP represses stalk gene expression in vitro. We
show that the repressive pathway is operative in vivo, because activation of the stalk-speci®c promoter region of the ecmB
gene is strongly enhanced by overexpression of a phosphodiesterase that depletes extracellular cAMP. To test whether a
single cAMP transduction pathway controls the choice between prespore or stalk cell differentiation, we compared the
timing and dose dependency of the effects of cAMP on both responses. Cells acquire competence for cAMP repression of
ecmB promoter activity 4 hr later than for prespore gene induction. Half-maximal prespore induction requires 30 mM stable
cAMP analog Sp-cAMPs, while ecmB induction is half-maximally repressed by 200 nM Sp-cAMPs, which is equivalent to
about 3 to 13 nM cAMP. At concentrations exceeding 10 mM, Sp-cAMPs stimulates ecmB expression from the intact
promoter, but not from the stalk-speci®c subregion. These data suggest that distinct signaling pathways operating at
different developmental stages control induction of prespore genes on one hand and repression of stalk genes on the
other. Both stalk gene repression and prespore gene induction by Sp-cAMPs are antagonized by millimolar adenosine
concentrations. However, an adenosine analog that is resistant to extracellular metabolism is active at 10 mM. Since
adenosine inhibits cAMP binding to cAMP receptors, it may facilitate stalk gene expression by reducing the perceived
cAMP concentration. q 1996 Academic Press, Inc.
INTRODUCTION cAMP hydrolysis product adenosine in morphogenesis has
also been suggested; this molecule acts as an antagonist for
many cAMP-induced responses (see review Gross, 1994).
Fruiting body formation in the social amoebae Dictyostel- Cells expressing prespore genes randomly appear in the
ium is an excellent example of self-organization by intercel- late aggregate, but are later restricted to the posterior 75%
lular communication. The extracellular molecules cAMP, of the slug. Prespore genes can be induced in vitro by cAMP
DIF, and ammonia are the major components of the signal- and are repressed by DIF and adenosine (Mehdy and Firtel,
ing network. cAMP acts as the chemoattractant and con- 1985; Schaap and Wang, 1986; Wang et al., 1986; Early and
trols cellular aggregation and morphogenetic movement in Williams, 1988). Prestalk markers show more complex reg-
the slug and fruiting body stages. cAMP also regulates gene ulation; cells expressing the prestalk gene ecmA appear at
expression in several stages of development. DIF speci®- random in late aggregates and then accumulate by chemo-
cally induces the differentiation of stalk cells and its effects tactic sorting at the anterior (Traynor et al., 1992). Cells
expressing the prestalk gene ecmB also appear at randomare antagonized by the catabolite ammonia. A role for the
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(USA), and DIF-1 was from Molecular Probes (USA). Adenosine,in aggregates, but are lost from the base when slugs start
inosine, guanosine, xanthosine, 2*,3*-isopropylidene adenosine, 2 *-to migrate. In slugs, ecmB expression reappears in the ante-
O-methyladenosine, 2 *-deoxyadenosine, 5*-N-ethylcarboxyadeno-rior core at the position where the stalk will form during
sine, 5*-AMP, and G418 were obtained from Sigma (USA).culmination and in the anterior-like cells (ALCs). The ALCs
are prestalk cells which are interspersed with prespore cells
in the posterior region. During culmination the ALCs sort Dictyostelium Transformants and Culture
to form tissues for anchoring the stalk and supporting the
For gene induction experiments, Dictyostelium discoideum AX2spore mass (Williams et al., 1989). The ecmB promoter har-
cell lines were used, which were transformed with plasmids harbor-bors separate regions responsible for expression in the stalk
ing gene fusions of the Escherichia coli lacZ gene with the D19and in ALCs. Both the ecmA and ecmB genes require DIF
prespore promoter (D19-gal) (Dingermann et al., 1989), the pro-for induction, and expression is inhibited by ammonia (Wil-
moter of the non-cell-type-speci®c gene CP2 (CP2-gal) (Pears and
liams et al., 1987; Wang et al., 1989; So and Weeks, 1992). Williams, 1987; Datta and Firtel, 1988), the ecmA and ecmB
Expression of the ecmB gene and the differentiation of stalk prestalk-speci®c promoters (ecmA-gal, ecmB-gal) (Williams et al.,
cells are inhibited by cAMP (Berks and Kay, 1988, 1990). 1989), and the stalk-speci®c region of the ecmB promoter (ST-gal)
Recent data suggest that cAMP induction of prespore genes (Construct A in Ceccarelli et al., 1991). Additionally an ST-gal cell
line was used, which was cotransformed with a plasmid harboringand repression of stalk genes share a common pathway. A
a fusion of the ecmA promoter with the coding region of the PKA-null mutant for glycogen synthase kinase 3 (GSK3) forms
cat subunit (ecmA-cat/ST-gal) (Hopper et al., 1993b).an abnormally high number of stalk cells and very few
The BDE strain is an AX3 strain harboring a derivative of thespores. In this mutant, cAMP neither induces prespore
Dictyostelium PDE gene, containing only the prestalk-speci®c re-genes nor represses stalk genes, which suggests that GSK3
gion of the tripartite promoter (Traynor et al., 1992). All cell linesis an essential component of a cAMP transduction pathway
were grown in axenic medium supplemented with 10 mg/ml G418
that regulates both processes (Harwood et al., 1995). for the D19-gal, CP2-gal, ecmA-gal, ecmB-gal, and ST-gal cell lines
In addition, and perhaps in response to extracellular sig- and 100 mg/ml G418 for the ecmA-cat/ST-gal and BDE cell lines.
nals, the induction of spore and stalk cell differentiation
requires the activity of cAMP-dependent protein kinase
Gene Induction Procedures(PKA). Expression of a dominant-negative PKA regulatory
subunit under control of prestalk and prespore promoters
To measure CP2 and D19 gene induction, exponentially growing
inhibits the differentiation of stalk and spore cells, respec- CP2-gal or D19-gal cells were harvested in 10 mM Na/K phosphate
tively (Harwood et al., 1992; Hopper et al., 1993a). PKA buffer, pH 6.5 (PB), and starved on PB agar for 4 or 6±8 hr, respec-
activation and extracellular cAMP are suf®cient to carry tively. Cells were resuspended in PB to 4 1 105 cells/ml and incu-
cells into the spore differentiation pathway, since mutants bated as 50-ml aliquots in microtiter plate wells with variables as
indicated in the ®gure legends. Microtiter plates were intermit-lacking regulatory subunit (PKA-R) or overexpressing the
tently shaken (0.5 sec on, 4 sec off) for 6 hr on an Eppendorf shakercatalytic subunits of PKA (PKA-cat) can form spores in sus-
at 227C and then stored at 0207C.pension in the presence of cAMP (Simon et al., 1992; Hop-
For ecmA gene induction, ecmA-gal cells were starved on PB agarper et al., 1993a; Mann and Firtel, 1993; Mann et al., 1994).
for 6±8 hr and then shaken for 3 hr at 4 1 105 cells/ml in stalkWild-type cells will only form spores in suspension, when
buffer (10 mM KCl, 2 mM NaCl, and 1 mM CaCl2 in 10 mM Mes,supplied with large amounts of the PKA agonist 8Br-cAMP
pH 6.2). For ST-gal or ecmB gene induction, ST-gal, ecmA-cat/ST-
(Kay, 1989). Stalk cells do not differentiate spontaneously in gal, or ecmB-gal cells were either developed on PB agar to the tipped
transformants, which overexpress PKA-cat under a prestalk aggregate stage (12 hr of development) or preincubated in mono-
promoter. In these mutants, as in wild-type cells, extracellu- layers as described by Berks and Kay (1988). In short, cells were
lar cAMP continues to block stalk-speci®c gene expression, incubated at 227C in stalk buffer in tissue culture dishes at 8 1 105
cells/cm2. After 8 hr, cAMP was added to a ®nal concentration ofsuggesting that in parallel to PKA activation, stalk cell dif-
5 mM and incubation was continued for a further 16 hr. Aggregatesferentiation requires depletion of extracellular cAMP (Hop-
that had formed after both pretreatments were dissociated by forc-per et al., 1993b; Mann and Firtel, 1993).
ing cells through a 21-gauge needle and cells were resuspendedIn this study, we further explore the role of cAMP in stalk
in stalk buffer at 4 1 105 cells/ml. Fifty-microliter aliquots weregene expression. By performing synergy experiments with
incubated with variables for 6 hr in microtiter plate wells as de-transformants overexpressing cAMP-phosphodiesterase (PDE),
scribed for D19 induction. For all gene induction experiments, vari-
we demonstrate that PKA activation is suf®cient for stalk ables were added once at the onset of incubation.
gene induction in vivo, provided that cAMP is depleted. We
also show that very low cAMP concentrations are suf®cient
to induce repression and that the effects of cAMP are antag- b-Galactosidase Detection
onized by adenosine.
For b-galactosidase staining of aggregates, the structures were
®xed for 15 min in 1% glutaraldehyde in Z-buffer (10 mM KCl
MATERIALS AND METHODS and 3 mM MgCl2 in 100 mM Na-phosphate, pH 7.0), washed, and
incubated in Z-buffer containing 5 mM K3Fe(CN)6, 5 mMMaterials K4Fe(CN)6 , and 1 mM X-gal until the proper degree of staining was
reached (Dingermann et al., 1989). The samples were then washedChlorophenol red±b-D-galactopyranoside (CPRG) and Sp-cAMPS
were obtained from Boehringer (FRG), X-gal was from Promega with Z-buffer and mounted in Gelvatol for photography.
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For biochemical measurement of b-galactosidase activity, cells ment at the tight aggregate stage. Total cAMP levels at this
in microtiter plate wells were lysed by freeze-thawing. Fifteen mi- stage are up to 5-fold reduced compared to control trans-
croliters of 2.51 Z-buffer was added to 50 ml lysate, and the enzyme formants (Traynor et al., 1992). The BDE strain was mixed
reaction was started by addition of 10 ml of 20 mg/ml of the sub- with an equal number of wild-type cells, which were doubly
strate CPRG. When suf®cient red reaction product had formed transformed with (i) the stalk-speci®c region of the ecmB
(about 0.8 OD574 units), the OD was measured using a Bio-Rad promoter fused to lacZ (ST-gal) [this marker of stalk cellmicrotiter plate reader.
differentiation is only expressed at the apical core of slugs
and in the stalk of the fruiting body, the entire ecmB pro-
moter is also expressed in upper cup cells, which do not
RESULTS differentiate into stalk cells (Ceccarelli et al., 1991)] and (ii)
a fusion of the ecmA promoter and the PKA catalytic sub-
cAMP Inhibits ecmB Gene Expression in Vivo unit (ecmA-cat). Since stalk cell differentiation requires
PKA activity, the latter construct was included to makeStalk gene expression is blocked by inhibition of PKA
sure that cAMP repression was the only factor that pre-activation (Harwood et al., 1992), but constitutive PKA ac-
vented cells from expressing stalk markers.tivity does not lead to precocious stalk cell differentiation
When ecmA-cat/ST-gal cells develop alone, they also ar-(Hopper et al., 1993a; Mann and Firtel, 1993). In vitro stud-
rest at the tight mound stage, presumably because of theies showed that extracellular cAMP is a potent inhibitor for
excess PKA activity within the prestalk cells (Hopper et al.,DIF induction of stalk cell differentiation (Berks and Kay,
1993b; Mann and Firtel 1993). There are only a few, scat-1988, 1990; Hopper et al., 1993a). cAMP is always present
tered ST-gal expressing cells in such tight mounds (Fig. 1A).in cellular aggregates, because of cAMP signaling. To deter-
However, when ecmA-cat/ST-gal cells are mixed with anmine whether cAMP represses stalk cell differentiation un-
equal number of BDE cells, the number of ST-gal expressingder in vivo conditions, we exposed cells to conditions that
cells increases signi®cantly (Fig. 1B). This effect is speci®cwould be expected to decrease extracellular cAMP concen-
for BDE cells; addition of cells of the parent strain AX3 doestrations. This was done by mixing two different trans-
not affect the level of staining (Fig. 1C).formant cell populations.
The BDE strain harbors multiple copies of a derivative
Dose±Response Relationships for cAMP Effects onof the Dictyostelium cyclic nucleotide phosphodiesterase
Prestalk and Prespore Gene Expression(PDE) gene containing only the prestalk-speci®c region of
the tripartite promoter. It produces about 15-fold higher The data presented above indicate that cAMP represses
ecmB expression from the stalk-speci®c promoter elementlevels of PDE than the parental strain and arrests in develop-
FIG. 1. Effect of cAMP depletion on stalk-speci®c gene expression. Cells doubly transformed with ecmA-cat and ST-gal were developed
alone or in synergy with other strains for 30 hr and then ®xed and stained with X-gal (Dingermann et al., 1989). (A) ecmA-cat/ST-gal cells
developing alone; (B) ecmA-cat/ST-gal cells mixed with an equal number of BDE cells, a cAMP-PDE overexpressing strain; (C) ecmA-cat/
ST-gal cells mixed with an equal number of AX3, parental cells.
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FIG. 3. Effects of adenosine on ST-gal expression. EcmA-cat/ST-
gal cells, preincubated in monolayers with 5 mM cAMP, were re-
suspended in stalk buffer at 4 1 105 cells/ml and incubated with
indicated concentrations of DIF, Sp-cAMPS, or adenosine. After 6
hr b-galactosidase activity was determined. Data are expressed as
percentage of activity induced by DIF without further additives.
Means and SE of two experiments performed in triplicate are pre-
sented.
in the intact organism. In the next series of experiments
we compared the cAMP concentration requirement for this
process to other gene regulatory events under the control
of cAMP, such as induction of the prespore gene D19 and
the prestalk-enriched gene CP2, and cAMP synergy with
DIF for induction of the prestalk gene ecmA. We used the
nondegradable analog Sp-cAMPS, since cAMP itself is rap-
idly degraded by PDE during incubation. cAMP repression
was ®rst observed by Berks and Kay (1988, 1990) in cell
monolayers that were preincubated for 16 hr with 5 mM
cAMP to induce optimal competence for DIF induction of
stalk cell differentiation. We used this assay to measure the
effect of Sp-cAMPS on ST-gal and ecmB-gal expression in
wild-type and ecmA-cat cells. To verify the developmental
signi®cance of our ®ndings, we also tested effects of Sp-FIG. 2. Sp-cAMPS concentration requirements for developmental
gene regulation. (A) EcmA-cat/ST-gal, ST-gal, and ecmB-gal cell cAMPS on ST-gal and ecmB-gal expression in wild-type
lines were preincubated in stalk buffer for 24 hr, with 5 mM cAMP cells derived from tipped aggregates.
added after 8 hr of incubation. Aggregates were dissociated and
cells were washed and resuspended to 4 1 105 cells/ml in stalk
buffer. Cells were incubated for 6 hr at 227C with 100 nM DIF and
the indicated Sp-cAMPS concentrations and assayed for b-galacto-
sidase activity. (B) ST-gal and ecmB-gal cells were incubated on PB aggregation territories had formed. CP2-gal and D19-gal cells were
agar until tipped aggregates had formed. Aggregates were dissoci- resuspended in PB and incubated for 6 hr with the indicated Sp-
ated and cells were incubated in stalk buffer with DIF and Sp- cAMPS concentrations. EcmA-gal and ecmB-gal cells were resus-
cAMPS as described above. For both (A) and (B), control values pended in stalk buffer and incubated for 3 and 6 hr, respectively,
(incubation in the absence of DIF) were subtracted and data are with 100 nM DIF and Sp-cAMPS. Control values (no Sp-cAMPS,
expressed as percentage of b-galactosidase activity induced by 100 no DIF) were subtracted and data are presented as percentage of b-
nM DIF. Means and SE of at least three experiments performed in galactosidase induction in the presence of saturating Sp-cAMPS
triplicate are presented. (C) CP2-gal cells were starved for 4 hr on (and 100 nM DIF for ecmA and ecmB). Means and SE of three
PB agar and ecmA-gal, ecmB-gal, and D19-gal cells for 6±8 hr until experiments performed in triplicate are presented.
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TABLE 1Figures 2A and 2B show that regulation of the ecmB pro-
Sp-cAMPS Dose Dependencies of Prespore and Prestalkmoter by Sp-cAMPS shows a rather complex dose and stage
Gene Regulationdependency. In both wild-type and ecmA-cat cells devel-
oped in monolayers, Sp-cAMPS acts as a repressor for ecmB
Stageand ST-gal expression. Repression occurs at very low con-
Gene (hr) Effect EC50 Sp-cAMPScentrations of Sp-cAMPS, with an EC50 (effective concentra-
tion that induces a half-maximal response) around 200 nM CP2 4 // 175 nM
D19 8 // 30 mMSp-cAMPS. Considering the fact that Sp-cAMPS has a 15-
EcmA 8 / 30 mMto 70-fold lower af®nity for the cAMP receptors cAR1,
EcmB 12 / 40 mMcAR2, and cAR3 than cAMP (Johnson et al., 1992), this
12 0 200 nMsuggests that the EC50 for cAMP ranges from 3 to 13 nM.
EcmB-ST 12 0 200 nMIn cells derived from tipped aggregates, Sp-cAMPS represses
EcmB 24a 0 200 nMecmB and ST-gal expression at the same concentration as
EcmB-ST 24a 0 200 nM
Note. EC50s were estimated from dose±response curves presented
in Fig. 2. //, induction; /, enhancement; 0, inhibition.
a Preincubation in monolayers, 8 hr without cAMP and 16 hr
with 5 mM cAMP.
in cells developed in monolayer. However, at Sp-cAMPS
concentrations exceeding 1 mM, ecmB expression increases
again, to almost reach the level of induction by DIF alone
at 300 mM Sp-cAMPS. Half-maximal activation is reached
at 40 mM Sp-cAMPS. For the ST promoter region, the stimu-
latory effect of Sp-cAMPS is only slight.
Figure 2C shows dose±response curves for effects of Sp-
cAMPS on activation of the D19, CP2, ecmA, and ecmB
promoters, measured after 4 hr (CP2) or 6±8 hr of starvation,
when cells have formed aggregation territories (D19, ecmA,
and ecmB). The ecmA gene is induced to about 50% of its
maximal levels by DIF alone and is further stimulated by
Sp-cAMPS with half-maximal induction occurring at 30
mM. The ecmB gene shows a similar pattern as ecmA at
this stage with 20% induction by DIF alone and optimal
stimulation in the presence of high Sp-cAMPS. It should be
noted that the absolute levels of ecmB induction by DIF
and 300 mM Sp-cAMPS are about fourfold-lower than in
tipped aggregates. ecmA and D19 are already optimally ex-
pressed in tipped aggregates and no further stimulation with
DIF and/or Sp-cAMPS can be induced (data not shown).
Apparently, competence for DIF induction and cAMP re-
pression of the ecmB gene are reached at a much later stage
than competence for ecmA and D19 induction.
D19 gene expression is completely dependent on Sp-
cAMPS and shows a similar dose dependency as stimulation
of ecmA and ecmB expression by Sp-cAMPS. The induction
FIG. 4. Effects of adenosine analogs on ST-gal repression and pre- of the CP2 gene requires much lower Sp-cAMPS concentra-
spore gene induction. (A) EcmA-cat/ST-gal preincubated in mono- tions than induction of ecmA and D19, with half-maximal
layers with 5 mM cAMP were incubated for 6 hr with 100 nM DIF, stimulation occurring at 175 nM, which is similar to the
0.2 mM Sp-cAMPS, and the indicated concentrations of adenosine Sp-cAMPS concentration required for repression of ecmB
analogs and assayed for b-galactosidase activity. Control values and ST-gal. This may be a mere coincidence since CP2 ex-
(no Sp-cAMPS, no DIF) were subtracted and data are expressed pression is induced after only 4 hr of starvation.
as percentage of induction by 100 nM DIF without additives. (B)
Competent D19-gal cells were incubated for 6 hr with 30 mM Sp- Antagonism by Adenosine of cAMP Regulation of
cAMPS and the same concentration range of adenosine analogs. b- Stalk and Spore Gene ExpressionGalactosidase activity was measured and expressed as percentage
The observation that stalk cell differentiation is repressedof activity induced by 30 mM Sp-cAMPS without additives. Means
and SE of three experiments performed in triplicate are presented. by nanomolar cAMP concentrations, while prespore differen-
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tiation requires micromolar concentrations implies either that To investigate whether a single transduction cascade acti-
vated by extracellular cAMP controls the choice betweenslugs and fruiting bodies can generate a more than 100-fold
difference in local cAMP concentrations to allow both cell spore and stalk cell differentiation, we compared the con-
centration dependence of cAMP effects on prespore induc-types to differentiate or that other factors in¯uence the sensi-
tivity of cells to cAMP. Degradation of extracellular cAMP tion and stalk gene repression. Repression of activation of
the intact ecmB promoter and its stalk-speci®c region oc-by PDE and 5*-nucleotidase yields adenosine, which acts as
an antagonist for several cAMP-induced responses, including curs at very low cAMP concentrations. Sp-cAMPS (1 mM),
equivalent to 15±70 nM cAMP, inhibits induction by DIFcAMP relay and induction of prespore gene expression (New-
ell, 1982; Theibert and Devreotes, 1984; Weijer and Durston, completely. Repression by low Sp-cAMPS concentrations
was identical in cells derived from tipped aggregates and in1985; Schaap and Wang, 1986). We tested whether adenosine
also antagonizes cAMP repression of ST-gal induction by DIF. cells that were preincubated for 16 hr with 5 mM cAMP.
However, in cells from tipped aggregates, expression fromFigure 3 shows that 1 mM adenosine completely removes
the repression induced by 0.2 mM Sp-cAMPS. This adenosine the entire ecmB promoter, but not the stalk-speci®c region,
was again stimulated by high Sp-cAMPS concentrations,concentration seems rather high to serve a physiological func-
tion. However, we recently found that cells in Dictyostelium with half-maximal activation occurring at 30 mM. In addi-
tion to the ST region, the ecmB promoter harbors a regionslugs secrete a highly active adenosine kinase. The Dictyostel-
ium adenosine kinase does not tolerate substitutions in the for expression of the gene in anterior-like cells that will
later become the upper cup. It is likely that expression fromribose moiety of the molecule; adenosine analogs carrying
these modi®cations are relatively stable (Michielsen and this region is stimulated by high cAMP. Preincubation of
cell monolayers with 5 mM cAMP may have resulted inSchaap, unpublished data). We investigated the effects of aden-
osine, its natural analogs, and the poorly metabolizable ana- downregulation of the cAMP signal transduction pathway
that mediates expression from the upper cup promoter re-logs 2 *,3*-isopropylidene adenosine (IPA), 2*-O-methyladeno-
sine (OMA), 2*-deoxyadenosine (HA), and 5*-N-ethylcarboxy- gions. Induction of the prespore gene D19 also requires Sp-
cAMPS concentrations in the micromolar range. Repressionadenosine (NECA) on cAMP repression of ST-gal expression
and cAMP induction of the prespore gene D19. Figure 4A by cAMP is speci®c for ecmB; DIF induction of the prestalk
gene ecmA is about twofold stimulated by micromolar Sp-shows that adenosine antagonizes cAMP repression of ST-gal
induction and cAMP induction of D19 expression at millimo- cAMPS concentrations. The EC50s for induction of the vari-
ous gene regulatory events by Sp-cAMPS are summarizedlar concentrations. The natural adenosine analogs inosine,
guanosine, and xanthosine as well as 5*-AMP are almost com- in Table 1. In cells that have just formed aggregates (8 hr),
micromolar Sp-cAMPS concentrations have a general stim-pletely inactive. The ribose-substituted compounds OMA,
HA, and NECA are active at 10-fold lower concentrations ulatory effect on both prestalk and prespore gene expression.
About 4 hr later in development, expression from the stalk-than adenosine itself, but most remarkable is IPA, which is
almost 1000-fold more active than adenosine itself and shows speci®c region of the ecmB promoter becomes susceptible
to repression by nanomolar Sp-cAMPS concentrations. Thehalf-maximal inhibition of Sp-cAMPS repression of ST-gal and
induction of D19 in the micromolar concentration range. For disparity in both timing and concentration dependency be-
tween prespore induction and stalk repression indicatesthe range of analogs tested no signi®cant differences are obvi-
ous between the two gene induction events in terms of their that two distinct signaling transduction cascades mediate
these effects of cAMP.concentration requirements and analog speci®city.
Recently, a null mutant for GSK3 was found to differenti-
ate almost entirely into stalk cells. In this mutant, cAMP
neither induces prespore gene expression nor represses stalkDISCUSSION
gene expression. It was suggested that in a single cell, cAMP
activation of a common receptor results in GSK3 activationExtracellular cAMP regulates several classes of genes dur-
ing Dictyostelium development and may control the choice which turns on the prespore pathway and inhibits the stalk
pathway (Harwood et al., 1995). Our data indicate that thisbetween spore and stalk cell differentiation. In vitro studies
as well as treatment of intact slugs with PDE have shown is unlikely to be the case. We hypothesize that GSK3 activa-
tion, instead of repressing stalk gene expression directly,that expression of prespore genes is absolutely dependent
on cAMP (Wang et al., 1988). Extracellular cAMP inhibits results in expression of the cAMP signaling pathway, which
mediates cAMP repression of stalk cell differentiation at aDIF induction of stalk cell differentiation and expression of
the prestalk gene ecmB in cell monolayers (Berks and Kay, later stage of development. Repression of stalk gene induc-
tion by cAMP may serve either or both of two different1988, 1990). We show here that it functions as a repressor of
stalk cell differentiation in the intact organism. Developing functions during Dictyostelium development. cAMP may
act to prevent cells from differentiating into stalk cells be-structures of transformants overexpressing PKA-cat in
prestalk cells show only limited ST-gal expression in a few fore entering the stalk tube. In this case, the apical core
must be a region where either cAMP signaling is blockedindividual cells at the periphery. When these cells develop
in synergy with an equal amount of cells that overexpress or PDE is extremely active. In slugs and fruiting bodies,
PDE is almost exclusively expressed and active in anteriorPDE, a large number of cells start to express ST-gal through-
out the developing structure. prestalk cells. Another possibility is that cAMP prevents
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Gross, J. D. (1994). Developmental decisions in Dictyostelium dis-stalk cells from differentiating at the posterior region. This
coideum. Microb. Rev. 58, 330±351.region contains the highest DIF level (Brookman et al.,
Harwood, A. J., Hopper, N. A., Simon, M.-N., Driscoll, D. M.,1987) which may be expected to favor stalk cell differentia-
Veron, M., and Williams, J. G. (1992). Culmination in Dictyostel-tion.
ium is regulated by the cAMP-dependent protein kinase. Cell 69,cAMP repression of ST-gal induction can be completely
615±624.
antagonized by adenosine, but under in vitro conditions, Harwood, A. J., Plyte, S. E., Woodgett, J., Strutt, H., and Kay, R. R.
concentrations in the millimolar range are required. Slug (1995). Glycogeen synthase kinase 3 regulates cell fate in Dicty-
cells secrete a highly active adenosine kinase (10 nmole/ ostelium. Cell 80, 139±148.
min 1 107 cells); adenosine analogs with modi®cations in Hopper, N. A., Harwood, A. J., Bouzid, S., VeÂron, M., and Williams,
the ribose moiety are more resistant to the adenosine kinase J. G. (1993a). Activation of the prespore and spore cell pathway
of Dictyostelium differentiation by cAMP-dependent protein ki-and show half-maximal repression around 300 mM. One ana-
nase and evidence for its upstream regulation by ammonia.log, IPA, which is completely stable, shows half-maximal
EMBO J. 12, 2459±2466.repression at 10 mM. This may approach the true af®nity of
Hopper, N. A., Anjard, C., Reymond, C. D., and Williams, J. G.the adenosine receptor, provided that IPA is not a better
(1993b). Induction of terminal differentiation of Dictyosteliumagonist for this receptor than adenosine itself. Earlier stud-
by cAMP-dependent protein kinase and opposing effects of intra-
ies indicated that adenosine inhibits the binding of cAMP cellular and extracellular cAMP on stalk cell differentiation. De-
to the cAMP receptors (Newell and Ross, 1982). It could velopment 119, 147±154.
therefore act to decrease the apparent cAMP concentration Johnson, R. L., Van Haastert, P. J. M., Kimmel, A. R., Saxe, C. L.,
and so prevent prespore gene expression at the anterior and III, Jastorff, B., and Devreotes, P. N. (1992). The cyclic nucleotide
perhaps facilitate stalk maturation at the apex. Whether speci®city of three cAMP receptors in Dictyostelium. J. Biol.
adenosine indeed serves this function depends on the rela- Chem. 267, 4600±4607.
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